Diversity and community structure of aerobic methane-oxidizing bacteria in the littoral sediment of Lake Constance was investigated by cloning analysis and terminal restriction fragment length polymorphism (T-RFLP) fingerprinting of the pmoA gene. Phylogenetic analysis revealed a high diversity of type I and type II methanotrophs in the oxygenated uppermost centimeter of the sediment. T-RFLP profiles indicated a high similarity between the active methanotrophic community in the oxic layer and the inactive community in an anoxic sediment layer at a 10-cm depth. There were also no major changes in community structure between littoral sediment cores sampled in summer and winter. By contrast, the fingerprint patterns showed substantial differences between the methanotrophic communities of littoral and profundal sediments.
Aerobic methane-oxidizing bacteria (methanotrophs) play an important role in controlling methane fluxes from anoxic environments to the atmosphere (11, 19) . In freshwater sediments, the activity of methanotrophs is largely restricted to a narrow layer at the oxic-anoxic interface, where methane and oxygen gradients overlap (5, 28, 33) .
In the case of Lake Constance, where oxygen penetrates only a few millimeters into the sediment (16, 26 ; S. Gerhardt, A. Brune, and B. Schink, unpublished data), 90% of the methane produced in the profundal zone (Ͻ1 mmol of CH 4 m Ϫ2 day Ϫ1 ) is oxidized aerobically (16, 39) . The situation is different in the much more productive littoral zone (5 to 95 mmol of CH 4 m Ϫ2 day Ϫ1 ), where a large proportion of methane is lost through ebullition (39) . Nevertheless, most of the methane diffusing upwards is also oxidized by methanotrophs (6) .
Methanotrophs in littoral sediments are exposed to environmental conditions that differ considerably from those in profundal sediments. The littoral zone is subject to diurnal and annual cycles of light and temperature that also influence other environmental variables, e.g., oxygen status and methane production. In Lake Constance, the oxic-anoxic interface in littoral sediment cores shifts several millimeters between darkness and daylight conditions and methane production differs by 90 mmol of CH 4 m Ϫ2 day Ϫ1 between summer and winter (36, 39) . Other important characteristics differentiating the littoral sediments from the profundal sediments are irregular disturbances due to wave action or changes in the water level. Together with sedimentation, they are responsible for the burial of microbiota, including methanotrophs, in the deeper, anoxic layers of the sediment. Although methanotrophs cannot be metabolically active under such conditions, a previous study has shown a large potential for aerobic methane oxidation in the anoxic zone of littoral sediments of Lake Constance (6) .
Although it is suggestive that such conditions should favor a methanotrophic community in littoral sediments different from that in profundal sediments, previous studies concentrated on profundal sediments and its oxygenated zone (2, 3, 10, 11) ; there is presently no study of diversity and community structure of methanotrophs in littoral sediments of a freshwater lake. In a culture-independent analysis, employing the pmoA gene (encoding the ␣ subunit of the particulate methane monooxygenase) as a molecular marker (11, 24) , we investigated the methanotrophic communities in littoral sediment of Lake Constance.
Lake Constance is a warm monomictic lake that is oxic down to the sediment (4). The study sites were located in the bay Obere Güll (littoral, 2-m depth) and at the northern shore between Birnau and Nussdorf (profundal, 90-m depth). Samples for clone libraries and terminal restriction fragment length polymorphism (T-RFLP) analysis were taken in December 2001 (littoral, ϳ4°C). Additional samples for T-RFLP analysis were taken in August and September 2002 (littoral, ϳ20°C; profundal, ϳ4°C). All samples were collected with a modified sediment corer as described by Tessenow et al. (38) , using Plexiglas tubes of 37 cm in length and 8 cm in diameter.
Construction of clone libraries. DNA was extracted from sediment of the uppermost centimeter sampled in winter (1 g [fresh weight]). For clone library A, extraction with the Nucleo Spin Food kit (Macherey-Nagel) was preceded by bead mill homogenization (31) in Nucleo Spin Food lysis buffer (containing proteinase K). Clone library B was derived from the same core by using the beat-beating protocol described by Lueders and Friedrich (31) .
Extracted DNA (1 to 5 ng) was used for amplification of pmoA fragments (531 bp) with the primer pair A189f and A682r (23) and recombinant Taq polymerase (MBI Fermentas). Amplification was initiated by denaturation at 95°C for 4 min and proceeded in two phases: (i) a 6-cycle touchdown program (1 min at 92°C, 1 min at 62°C, decreasing 1°C per cycle, and 45 s at 72°C) and (ii) 25 cycles of a standard amplification program at a 56°C annealing temperature. The final extension step was at 72°C for 5 min. PCRs resulted in two amplicons, one matching the predicted size of 531 bp and one approximately 100 bp longer.
Clone libraries were generated from the PCR products by using a TA cloning kit (Invitrogen). pmoA fragments from 105 randomly selected clones (44 and 61 clones from clone libraries A and B, respectively) were amplified by toothpick PCR using recombinant Taq polymerase (MBI Fermentas), analyzed by RFLP with MspI (1.5 U; MBI Fermentas), and grouped according to their restriction patterns.
Phylogenetic analysis of the littoral community. For at least half of the clones of each RFLP group, both strands were sequenced. Sequences were checked for chimeras by dividing them into two partial sequences of equal length and subjecting the whole sequence and the two partial sequences to separate BLAST searches (1; http://www.ncbi.nlm.nih.gov/BLAST/). If the relatives within such a set of sequences differed, the sequences were excluded from further analysis. In total, 10 chimeras were identified. Sequences of clones resulting from the longer PCR product did not show any affiliation with pmoA sequences according to the results of BLAST searches and were excluded from further analysis.
Sequences were aligned by using the ARB software package (version 2.5b; [http://www.arb-home.de]), followed by a manual correction of the alignment when necessary. A phylogenetic tree of deduced PmoA amino acid sequences was reconstructed based on distance matrices, using the Fitch algorithm (27) (Fig. 1) . The use of alternative tree construction methods, such as neighbor joining (35) and maximum-likelihood algorithms, implemented in the ARB software package (evolutionary correction using models of Dayhoff et al. [12] and Jones et al. [25] ) resulted in dendrograms with almost identical topology (data not shown).
The pmoA sequences obtained in this study were grouped by using a threshold of 90% sequence identity, taking into account the current concept that defines 16S rRNA gene sequences as belonging to the same species if they show Ͼ97% sequence identity (37) and the 3.5-times-higher nucleotide substitution rate of the pmoA gene (22) . pmoA sequences originating from the two different DNA extraction methods clustered in the same clone groups, with the exception of clones B63 and B65 (Fig. 1) . Altogether, seven clone groups were identified; six (B1 to B6) clustered within the family Methylococcaceae (type I , and one (B7) clustered within the family Methylocystaceae (type II methanotrophs). Clone group B1 was closely related (Ն90% sequence identity) to Methylobacter spp., with Methylobacter sp. strain LW12 as the closest cultured relative from a freshwater sediment (3). Clone groups B2 to B5 were closely related to pmoA clones from profundal sediment of Lake Washington or soil studies but were not closely related to any pure culture. In contrast, most of the pmoA sequences of clone group B6 were not closely related to any partial pmoA gene of cultured methanotrophs or clones obtained in environmental studies. These pmoA sequences might represent so-farunknown methanotrophs. Clone group B7 was closely related to Methylocystis and Methylosinus strains isolated in other studies (Table 1) . T-RFLP fingerprinting. DNA was extracted by using a beadbeating protocol (31) , and pmoA fragments were amplified as described above with two modifications: (i) primer A189f was labeled with a fluorescent dye (IRD 700, pentamethine carbocyanin; MWG), and (ii) FailSafe enzyme mix and PreMix B (Epicentre) were used because amplification with the recombinant Taq polymerase of MBI Fermentas in combination with the labeled A189f primer did not result in PCR products.
PCRs resulted in a single amplicon matching the predicted size of 531 bp. Amplicons were purified by using the MiniElute kit (Qiagen) and quantified photometrically. Approximately 40 ng of DNA was simultaneously digested with the restriction endonucleases AluI and MlsI (3 U each; MBI Fermentas). When amplified pmoA fragments from clones were analyzed, 5 ng of DNA was used. Digestions were carried out in a total volume of 20 l for 3 h at 37°C. Digested amplicons were mixed with a loading dye containing formamide (stop solution; LI-COR) in a proportion of 5:3, denatured for 3 min at 95°C, and immediately placed on ice. Digested amplicons were electrophoretically separated on polyacrylamide gels (5.5%) at 1,200 V, 25 mA, 30 W, and 50°C using an automated DNA sequencer (model 4200; LI-COR) (signal gain, 64). Sizes of terminal restriction fragments (T-RFs) were calculated by comparison with molecular size markers (50 to 700 bp; LI-COR) and with T-RFs of sequenced pmoA clones as internal standards, using Gelscan Professional software (version 5.02; BioSciTec, Frankfurt, Germany).
In silico analysis of the clonal pmoA sequences showed that the combination of the restriction endonucleases AluI and MlsI gave the best resolution among the different clone groups; only clones B40 and B109 did not contain an AluI or MlsI restriction site. T-RFs of clones B67, A55, B60, and B24, representing clone groups B1a, B1b, B2-B6, and B7, were experimentally verified.
Comparison of different communities. T-RFLP analyses were routinely performed with two independently sampled sediments from the same site, which always resulted in virtually identical profiles (data not shown). The T-RF profiles of the uppermost layer of littoral sediments sampled in winter and summer were similar with respect to both the presence and abundance of the major T-RFs (Fig. 2) . Differences were visible in the presence and abundance of small, unaffiliated peaks. The profiles of sediments sampled at a 10-cm depth in summer were very similar to those of the uppermost layer. In all littoral sediment samples, the T-RF representing clone group B1a was most dominant, followed by the T-RFs representing clone groups B2 to B6 and B1b. By contrast, the T-RF representing clone group B7 was detected in only one of the littoral sediment samples collected in summer at a 10-cm depth, where it constituted only a very small peak (Fig. 2) . These results indicate a stable community of the major methanotrophic groups throughout the year. This observation is supported by the comparison of the pmoA clone libraries from sediment sampled in winter (this study) to a clone library obtained from the same location during summer (8) , where the phylotypes from all libraries clustered in the same groups (details not shown). Temporally stable communities of type II methanotrophs were also previously observed in the rice field ecosystem (15, 20) , although the communities of type I methanotrophs changed in these studies.
T-RF profiles of profundal sediments sampled at the sediment surface and at a 10-cm depth were also quite similar (Fig.  2) , despite minor differences in small, unaffiliated peaks. In contrast to littoral sediment samples, however, they were dominated by the T-RFs representing clone groups B2 to B6, whereas the T-RF representing clone group B1a or B1b was completely absent or close to the detection limit. As in the littoral samples, the T-RF representing clone group B7 had only a minor-peak height. It is reasonable to assume that differences in the detected methanotrophic communities of the littoral and profundal sediments reflect the different environmental conditions in the two habitats.
Some of the minor T-RFs, e.g., at 73 and 173 bp, could not be affiliated with the obtained pmoA sequences. These unaffiliated T-RFs differed from the hypothetical restriction sites of the chimeric sequences in the clone libraries, and although rarefaction analysis (17) indicated that the number of sequenced clones was sufficient to describe methanotrophic diversity at the species level (Ն90% sequence identity [data not shown]), we must conclude that not all pmoA sequences present in the sediment are represented in the clone library. All T-RF profiles contained a T-RF that had the length of the undigested PCR product (531 bp). Extending the incubation time to 16 h and increasing the enzyme activity to 10 U did not result in a reduction of this peak, indicating that it did not result from an incomplete digestion. It is possible that this peak represents pmoA genes like those of clones B40 and B109, which are not cut by the restriction enzymes used in this study, but it might also be a pseudo-T-RF (14) . Pseudo-T-RFs are PCR artifacts resulting from the inability of restriction enzymes to cut at restriction sites that are situated in the singlestranded part of partially single-stranded PCR products (14) .
Comparison of the relative abundance of pmoA clones in the clone libraries to their corresponding T-RFs in the T-RFLP analysis showed an apparent discrepancy. Type II methanotrophs (clone group B7), which constituted the largest fraction of clones in the clone libraries (Table 1) , were close to the detection limit in the T-RFLP profiles of all samples obtained from littoral and profundal sediments. Instead, the profiles were dominated by T-RFs of type I methanotrophs, with Methylobacter-like methanotrophs forming the most abundant group. Such discrepancies have also been observed in other studies on 16S rRNA genes (9, 24, 30) , and there is currently no simple explanation for this phenomenon. Both methods are subject to a potential PCR bias, which can be excluded only by PCR-independent approaches, e.g., fluorescent in situ hybridization with group-specific 16S rRNA probes (18) . Nevertheless, the apparent predominance of type I methanotrophs suggested by the results of the T-RFLP analysis is in agreement with the results obtained for methanotrophs in profundal sediments of Lake Washington, where type I methanotrophs were also shown to dominate the methanotrophic community, using slot-blot hybridizations and polar lipid fatty acid analysis (2, 10) . Interestingly, profundal sediments of Lake Washington are dominated by Methylomonas-like methanotrophs, whereas littoral sediments of Lake Constance appear to be dominated by Methylobacter-like methanotrophs.
Profundal sediments of Lake Constance have been shown to contain methanotrophs up to a depth of 32 cm, albeit at decreasing density (34) . The oxic-anoxic interface, which sets the lower activity margin of methanotrophs (7), is located in the uppermost centimeter in both profundal and littoral sediments of Lake Constance (16, 26, 39) . Nevertheless, spontaneous methane oxidation occurs up to a depth of 7.5 cm, and even in deeper sediment layers, methane oxidation of apparently dormant methanotrophs can be stimulated by the addition of oxygen (34) . It seemed therefore reasonable to expect a shift in the methanotrophic communities over depth owing to the ability to survive anoxia and starvation. However, T-RFLP analysis did not detect any differences in the structure of the methanotrophic communities between the uppermost sediment layer, where oxygen and methane gradients overlap, and an anoxic sediment layer at a 10-cm depth. This was true for littoral sediments and for profundal sediments (Fig. 2) . T-RFLP profiles describe the diversity of methanotrophs at the DNA level, independent of the expression of methanotrophic activity. Since methanotrophs cannot be metabolically active in the absence of oxygen, the results of this study add strong support to the notion that all methanotrophic populations present in the top layer survive burial and anoxic conditions for a considerable time period. Similar results were obtained with Wadden Sea sediment, where fluorescent in situ hybridization analysis with rRNA-targeted oligonucleotides revealed a similar relative abundance of the major phylogenetic bacterial groups throughout the redox gradient (29) .
Nucleotide sequence accession numbers. The pmoA nucleotide sequences obtained in this study have been deposited in the GenBank, EMBL, and DDBJ nucleotide sequence databases under accession numbers AY488060 toAY488086.
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